The genetic structure of a large population of the white-clawed crayfish Austropotamobius pallipes was assessed with five microsatellite markers by sampling six sites along its extent. The level of genetic polymorphism was relatively high with a mean heterozygosity value of 0.394 for the whole population. No genetic differentiation was observed between the different sampled sites, indicating that this population was panmictic. The possibility of extensive gene flow along this brook, downstream as well as upstream, is discussed.
INTRODUCTION
It is critically important to understand the dispersal ability of an endangered species, especially when habitat fragmentation becomes more pronounced resulting from human pressures on the environment. Progressively isolating populations, fragmentation tends to favour the erosion of genetic variation, a process that may have catastrophic consequences for the long-term viability of populations (GILPIN and SOULÉ, 1986; LANDE, 1995; SHERWIN and MORITZ, 2000) . In this context, a knowledge of the extent to which A. pallipes is able to scatter within a brook should help to better anticipate the impact of habitat fragmentation and to plan efficient conservation programmes.
The endangered white-clawed crayfish A. pallipes is still widespread in France, but is now confined to headwater river systems (VIGNEUX et al., 1993) . Recent genetic analyses, carried out with mitochondrial and RAPD markers, have revealed a high level of genetic structure among French populations sampled within and between different drainages (GRANDJEAN and SOUTY-GROSSET, 2000; GOUIN et al., 2001 ). These results have been interpreted as the consequence of genetic drift occurring in small isolated populations. If the influence of fragmentation on population differentiation is easy to quantify at this scale, it appears more difficult at the scale of a brook. However, habitat is rarely continuous along rivers. In a recent population study, NEVEU (2000a) revealed differences in crayfish demographic structure between two sites only 2 km apart. Within the same brook, NEVEU (2000b) also pointed out the role of habitat structure in the distribution of white-clawed crayfish. Thus, it seems that populations of A. pallipes may be structured within brooks. If this species displays a low dispersal ability, we could expect that such a demographic structure could have an impact on the genetic structure.
Because few data have been published about the dispersion behaviour of the whiteclawed crayfish (ROBINSON et al., 2000) , we decided to study the structure of a population by using recently isolated microsatellite markers (GOUIN et al., 2000) . These genetic markers are highly polymorphic and now commonly used to assess population genetic structure on a fine scale (JARNE and LAGODA, 1996) . Their sensitivity to reveal gene flow makes them particularly interesting in conservation biology to estimate the impact of habitat fragmentation on the connectivity between sub-populations (SRIKWAN and WOODRUFF, 2000) . In A. pallipes, three schemes may be proposed depending on its ability to scatter along the brook. First, if no gene flow occurs between sub-populations, one should observe a high level of genetic structure as described by SLATKIN (1987) . In the second case, a low dispersal ability should cause a gradual differentiation of subpopulations due to the reduction of gene flow with the increase in geographic distances (HUTCHINSON and TEMPLETON, 1999) . Finally, we may suppose a high level of gene flow among sampled sites. In that case, microsatellites makers should reveal an absence of genetic differentiation (SLATKIN, 1987) .
In order to resolve these questions, we propose to analyse the largest population of A. pallipes known in the Poitou-Charentes region, that occurring in the brook of Le Magnerolles. Because of its large size, this population should be an interesting model to define the genetic structure of a white-clawed crayfish population and to characterize the dispersal abilities of this species.
MATERIAL AND METHODS

Sampling strategy
As described in Figure 1 , the population of A. pallipes is spread over 3 000 meters along the Le Magnerolles brook. Six sites were sampled during the summer in 2000, covering the entire extent of that population. A non-destructive sampling strategy was Bull. Fr. Pêche Piscic. (2002) 367 : 681-689 employed by taking just one pereiopod from the fourth pair. Each leg was separately stored in 95% ethanol until DNA extraction. The number of individuals analysed in this study is reported in Table IV . It is important to note that no evident physical barrier to migration was identified along the brook during this sampling.
Figure 1
Geographical location and sampling strategy in the brook of Le Magnerolles. 
Genetic analysis
DNA was extracted from 15 mg of muscle tissues, following a Chelex protocol adapted from ESTOUP et al. (1996) . Tissues were completely dried before the addition of 175 µl of sterile distillated water and 5 µl of proteinase K (20 mg.ml -1 ) and ground with plastic pestles on ice. After adding a further 175 µl of sterile distillated water, tissues were ground a second time. Samples were incubated at 56°C for 4 hours with 20-40% Chelex and placed at 100°C for 8 minutes to inhibit proteinase K. Extractions were stored at -20°C, vortexed and then centrifuged 1 minute at 12 000 rpm before each use. Genetic diversity was screened at five microsatellite loci using primers specifically developed for A. pallipes. Primers for locus Ap2, Ap3 and Ap6 were those published by GOUIN et al. (2000) . Concerning locus Ap5, a new forward primer (5'_TCTTTATTGTGAGGGGGAAGG_3') was designed to reduce the size of the amplification product. The fifth microsatellite marker used in this study has not been published but was isolated from the same partial genomic library. The sequence of this clone is available in GenBank under accession number AF467810. Two primers were designed for this locus named Ap7: forward 5'_ATGTACGCACTGCTTCACTGG_3' and reverse 5'_TTGTTTGTGGTGTGAATTACCG_3'. Microsatellite polymorphism was analysed using a fluorescent detection method. For this purpose, one of the primers for each locus was 5'-labelled with one of two colours: blue (6FAM) for Ap3, Ap6 and Ap7 loci or green (TET) for Ap2 and Ap5 loci. PCR were carried out in a 12.5 µl reaction volume containing 0.5 unit of AmpliTaq gold DNA polymerase (Perkin Elmer), 1.25 µl of GeneAmp 10X PCR Buffer II (100 mM Tris-HCl, pH 8.3, 500 mM KCl), 1.2 mM MgCl 2 (for loci Ap2, Ap3, Ap5, Ap6) or 0.8 mM MgCl 2 (for loci Ap7), 60 µM of each dNTP, 400 nM of each primer and 0.5 µl of template DNA (i.e. supernatent of the Chelex extraction). Multiplexed PCR was used for Ap2 and Ap3 and for Ap5 and Ap6. All PCRs were performed in a TrioThermoblock thermocycler (Biometra, GmBH, Göttingen, Germany), with the following profile: an initial denaturing step of 10 min at 95°C, followed by 30 cycles of 30 sec at 95°C, 30 sec at annealing temperature 64°C (for Ap7) or 60°C (for others), 30 sec (for Ap2/Ap3) or 45 sec (for Ap5/Ap6 and Ap7) at 72°C and a final extension of 10 min at 72°C. These PCR conditions are summarized in Table I . For each sample, 1 µl of the duplex PCR Ap2/Ap3, 3 µl of the duplex PCR Ap5/Ap6, 2.5 µl of the PCR for Ap7, 0.5 µl of GS-500 [TAMRA] internal size standard (red colour, 500 bp) and 13 ml of deionized formamide were mixed. The samples were heated for 5 min at 95°C and chilled on ice before the analysis. Electrophoresis procedures were conducted with an ABI 310 automated sequencer following manufacturer's recommendations. For each sample, 15 sec of injection at 15 kV were used and runs were performed for 24 min at 15 kV at a temperature of 60°C. Analysis was made automatically and allelic size was determined by reference to the internal sizing standard using GENESCAN Analysis version 2.1. 
Data analysis
Genetic polymorphism was estimated for each sampled site as the number of alleles per locus (A), observed heterozygosity (H o ) and expected heterozygosity (H e ), computed with GENETIX 4.01 (BELKHIR et al., 1998) . Conformity with Hardy-Weinberg equilibrium at each locus and in each sample was tested using the probability test of GUO and THOMPSON (1992) available in GENEPOP 3.2a (RAYMOND and ROUSSET, 1995) . In order to define the population structure, the null hypothesis of homogeneity in allelic distribution among each sampled site was tested with a Fisher's exact test. This test was SCHNEIDER et al., 2000) . Since a low ability of A. pallipes to spread upstream could lead to a gradual loss of genetic diversity along this axis, we tested the organization of the heterozygosity at each and overall loci with the Mann-Withney test (MANN and WHITNEY, 1947) . This test was performed by calculating the magnitudes of the differences between the rank of the sampled site positions and the rank from the lower to the higher level of polymorphism.
RESULTS
Allele frequencies by site are reported in Table II . The number of alleles at each locus was relatively low, ranging from 2 at Ap2 and Ap6 to 5 at Ap5. All loci were polymorphic within each of the six samples analysed. The expected heterozygosity varied from 0.135 to 0.670 depending on locus and sample (Table III) . The per-sample expected heterozygosity averaged over loci ranged from 0.372 in site 2 to 0.410 in site 3 (Table IV) . The mean value reached 0.394 for the whole population. Because no test was significant, the probability test revealed that the frequencies of the genotypes observed within each sampled sites were at Hardy-Weinberg equilibrium (Table III; Table IV ). (Table II) , indicating the absence of genetic structure within this population of A. pallipes. The analysis of molecular variance confirmed this result by revealing a global index of differentiation F ST equal to -0.008, which was not significant (p = 0.94). Moreover, none of the tests performed on the organization of the heterozygosity were significant (data not showed), revealing no reduction of the genetic diversity from the lower to the upper extent of the population of Le Magnerolles. 
DISCUSSION
Microsatellite polymorphism
Although the allelic diversity was relatively low, the degree of polymorphism displayed by microsatellite markers in this study appeared very high. While using allozymes SANTUCCI et al. (1997) and LARGIADÈR et al. (2000) reported a mean heterozygosity value in A. pallipes of 0.001 and 0.015 respectively, but microsatellites revealed a value of 0.394 for the population occurring in Le Magnerolles brook. Even if comparison of the level of polymorphism might be inappropriate by the use of only one population, these markers seem able to reveal more genetic variability in the white-clawed crayfish than do allozymes. Such a difference between nuclear markers is not surprising and has been reported in numerous species such as the brown trout Salmo trutta (ESTOUP et al., 1998; CAGIGAS et al., 1999) . The crayfish population of Le Magnerolles has been already studied using RAPD markers (GOUIN et al., 2001) , and displayed a genetic diversity of 0.446 estimated by the Shannon diversity index. Although this index and heterozygosity estimates are not directly comparable, values are similar for this population indicating that we may expect to observe the same level of polymorphism in A. pallipes with microsatellites. Nevertheless microsatellite markers have a great advantage compared to RAPDs since they are codominant and therefore more informative (JARNE and LAGODA, 1996) . Thus the ability of microsatellites to reveal polymorphism in A. pallipes and their co-dominance confer on these markers a high potential to analyse population genetic structure in this species.
Population structure
The five microsatellites used in this study revealed the absence of genetic differentiation among the six sites sampled along the brook of Le Magnerolles. Since sampling encompassed the whole extent of the population, we can consider it to be panmictic. This result suggests that white-clawed crayfish are able to spread along a distance of at least 3 000 meters, maintaining the genetic homogeneity within the population as suggested by SLATKIN (1987) . It also implies that the discontinuity of freshwater habitats, while responsible for the distribution of A. pallipes (NEVEU, 2000a, b) , would have no effect on its genetic structure in the absence of barriers to migration.
The fact that A. pallipes could spread over such a distance might appear surprising, particularly upstream. However, recent population studies using radio-tracking have been carried out to understand dispersal ability in crayfish. ROBINSON et al. (2000) have revealed that males of A. pallipes were able to cover about 4.2 meters per day and females about 1.7 meters. Comparable results were obtained by ARMITAGE (2000) , who recorded a male that covered 101 meters in a month. In Astacus astacus, SCHÜTZE et al. (1999) pointed out that dispersal activity fluctuated with season. While activity was low during the winter, crayfish were able to spread up to 830 meters downstream and 546 meters upstream in 15 days during the summer. These authors also recorded individuals having covered 2 439 meters between June and August. All these studies tend therefore to argue that crayfish are able to scatter over relatively large distances along streams, downstream as well as upstream. In this context, even if dispersion occurs more frequently downstream (SCHÜTZE et al., 1999) , we may consider that white-clawed crayfishes could have spread upstream in the brook of Le Magnerolles. The genetic homogeneity revealed in this brook could then be explained by extensive gene flow in both directions, downstream as well as upstream.
According to these results, there appears to be no barrier preventing upstream migration of white-clawed crayfishes in the brook of Le Magnerolles. If the downstream dispersal is obviously the easiest way to spread, especially for juveniles, we may assume that adults are able to cover long distances upstream. As described in A. astacus by SCHÜTZE et al. (1999) , the upstream dispersal is more likely to occur during the summer.
Because of the lower level of water and the lower speed of the stream, crayfishes could expend less energy to cover long distances during this period. This ability to spread upstream could be viewed as an adaptation to find refuge pools with better water quality during the dry season, and could increase survival in the case of a drastic drought. It could also confer a selective advantage to the crayfish able to go upstream by increasing the chance to maintain their genes in the population. But the adaptive nature of dispersal, if any, needs to be clarified, as do all the factors that could stimulate dispersal such as local high densities and/or competition between males. Further population studies using radiotracking methods that are better adapted to crayfish would help to answer these questions. Moreover, as we don't really know the ability of A. pallipes to overcome obstacles to dispersal, it could be interesting to compare the genetic structure of populations occurring in brooks having different topologies and known barriers such as artificial dams.
